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CERAMICS FOR FUSION DEVICES

Frank W. Clinard, Jr.
Materials Science and Technology Division
Los Alamos National! Laboratory
Los Alamos, NM 87545

ABSTRACT

CERAMICS APE REQUIRED for a number of appli.a-
tione in fusion devicea, among the most criti-
cal of which are magnatic c¢oil insulators,
vindovs for RF heating systems, and atructural
uses. Radiation effects dominace consideration
of candidate materials, although good pre-irra-
diation properties are a requisite. Materials
anu components can be optimized by caraful
centrol of chemical and microstructurel con-
tent, and application of brittle material
design and testing techniques. Future direc-
tiona for research and development shculd
include further extension of the data basc in
the areas of alectrical, structural, and
thermal properties; astablishment of a fission
neutron/fusion neutron correlation including
transmutation gus effects; and development of
nev mnaterials tailored to meet the specific
needs of fusion reactors.

INTRODUCTION

Ceramics are required for n variety of
applications 1in magnetically-confined fusion
devices. These include:

o insulators for lightly-shielded
magnatic coils
wvindows for RF heating wyntemn
ceramics for structural epplications
inaulators for neutral bteum injectors
current breakn

o direct convirter insulriovs.

Operating conditiors in these devicem can be
severe, involving intsnse radiation fields,
high mechanical and electrical etresxssa, and
large therma)l fluxes. waterials propertien
o1 special concern fall into three major

categories, which car be wsuhdivided 1intu
several more specific topica. They are:

Q900

Stiuctural

o swelling

o strength
Thermal

2 thermal conductivity
Electrical

o rTesistivity

o dielectric breakdown strength

o loss tangent.
ln any cxamination of the subject ¢. ceramics
for fusion applications, including the
present review, materials problems must be
evaluated in the context of these potential
problem areas.

The wsubject of this paper has been
reviewed earlier by Holmea-Siedle (1), Rovner
and Hopkins (2), Clinard (3,4), Clinard and
Hurley (5), Suzuki et al. (6), Clinard et al.
(7), and Pells (B8). Theme works give much of
the background needed for a full
understanding of this sublect, and are
valuable supplements to the present disrur-
nion. Neverthelers, aince furion resctm
designe, materials requircments, arcd
available ceramic data are continually
evolving, a re-examination of this toric
seseuns appropriate. In the present review the
three most critical ceramic applicatiofgs (the
first three In the list above) are
describaed, and performance of severnl

#*Szlection of the most critical applications
for coramics in fusion devices im a diffjiculc
and inexact proceas, since reactor needs and
oparating conditions are subject to fraequent
change. Howavar, it appears that these tiiree
present the pgreateat difficulties, and are
therefore the focus of this paper. All have
in common a severe radiation environment, and
their waterials requirements taken together
are reprasentative of wos' major ceramicw
applications.



candidate materials is considered. This 1is
followed by a discussion of opportunities for
matariale optimization, and the paper
concludes with recommendations for future
directions in research and development.

MAGNETIC COIL INSULATORS

REQUIREMENTS - Fusion reactor deaigns call for
large normal (i.e., non-superconducting) magnets
to serve as choke coila for mirror wmachines,
divertors anl plasma shaping coils for tokamaks,
and to meet a number of other requirements.
Choke and divertor coiles must be placed close to
the first wall, and vill therefore be expomed to
lifqgtime neutron irradiation d°1f° of ~10
n/m° ané donizing fluxes of 10 Gv/m. The
ceramic insulators for these magnets will
operate nesr room temperature under high
mechanical stresses.

The most detailed design atudy to date from
the standpoint of the insulator has been carried
out for the choke c¢oil (9). It im estimated
that lifetime swelling cannot exceed 3 vol %,
and retention uf adequate estrength 1is a
requirement. Degradation of thermal
conductivity will have little effect in this
application., Dielectric strength requirements
are modest, but electrical resistivity cannot
fall below a calculable (design-dependent) level
without causing significant shunting of current
to the coppar conductor.

CANDIDATE MATERIALS - In the following
paragraphs anticipated performance of candidate
materials is discussed in terms of the currently
available data base. Magnesium aluminate spinel
(MgAl,0,) is the prime candidate ceramic for
this applicaction, with MgO and A120 alao under
ct usideraticn. Spinel is & io,anweliing
ceramic: after irradiation to 2.1x 10° n/m” at
430 K, a polycrystalline form of this material
wvas found to swell only 0.8 vol X (10). 1If it
is assumed that fast fission and fusion neutron
damage effects are asimilar (an assumption
implied in this paper unless othervise gstated,
but discussed in s later section), a swelling
rate linear with dose would indicate lifetime
of 4.3 y at the first wall of a 2 MW/m" machine.
Strangth of the spinel ceramic described above
vas increamned 20 X by that irradiation exposure
(10), perhaps as a result of impedance of crack
initiation or propagation.

Mg0 showed lasa dimensional stability under
these irradiation conditions, exhibiting a
svelling of 2.6-3,0 X (10); however, strangth
also increased in this material, by 12-24 X. An
equivalent high-dosa etudy has not bewn carried
out for Al 03. but anisotropic swelling of
grains vlthf% a polycrystalline insulatnr may
lead to premature structural failure.* It may
ba pomsible, with the advent of econouical
techniques for growth of single cryatals in
technologically-useful shapes (11), to produce
ithl 0 and MgO have cubic eryntal
ntruc%u#cn. vhile Alz()3 has a hexagonal
structure,

Al,0, parts immune to inteznal damage from
nnilgtrOpic grovth.

It is not anticipated that electrical
resistivity of these candidate ceramics,
measured after irradiation, will shov a
significant decrease unless major structural
damage such as severe cracking has occurred.
During 1irradiation, Thowever, significant
degradation may accompany absorption of
ionizing energy ae charge carriers are
temporarily excited into conducting states.

The must extensive investigatien o
radiation-induced conductivity (RIC) has been
carried out by Klaffky et al. (12,13), in Al
0.. Several forms of single-crystal Al C
d?ffering in puriry (12) and in one case wi:ﬂ
prior radiation damage (13) were irradiated
with 1.5 MeV electrons of three different
beam intensities. Representative results at
300 K are shown in Fig. 1. 1Ir may be seen
that RIC increames dramatically with increas-
ing rate of absorption of ionizing energyv,
but absolute value of conductivity is reduced
by the presence of Cr,0, impurity or struc-
tural irradiation damage. This behavior was
interpretead to be the result of a combination
of effects such as creation of electron-hole
pairs, trapping and detrapping, scactering,
and carrier recombination. With respect to
the choke coil application, calculations (9)
have shown that moderate increases in conduc-
tivity should be tolerable with careful coil
design 1if the degradat‘on found in Al.0, is
representative of that in ocher insul&tors,
can be linearly extrapcolated to higier
ionizing fluxes, and accurately refiects
behavior wunder other (morc fusion-like)
irradiation conditions.

Some coll designa specify powdered
rather than solid inaulator material. In
this case swelling of several percent i
tclerable, and setrength 1s not a factor.
On the other hand, gases interspersed with
the ceramic particles may auffer greater loss
of insulating properties under irradiaticn
than does the ceramic itself: cone rstimate
puts the degradation of remi:tivity at ten
timen that of the ceramic (9). For thin
reason, and a related concern about thermsl
runavay in powdered ceramic (9), the most
recert choke coil design (14) specifies molid
insulating material.

WINDOWS FOR RF HEATING SYSTEMR

REQUIREMENTS -~ Radio frequency (micro-
vave) plasma hoating is required for mont
fusion reactor concepta. RF energy can be
tranemitted to the plasma by -eueraJ techni-
ques: at lowar frequencies (10" He) cuoaxtial
cnb&cs =qy be used, while ntll!nttrT’diate
(10 10 R:) and high (10 -10 Hz)
frequencies various types of wavepuide my'temn
are appropriaste. Wavegnidea will probanvly
require windowa to scparate the environ-
ment of the plasma chamber from that of
the RF source, which may {nclude a presasurized
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Fig. 1 - Radiation~induced conductivity as a

function of rate of absorption of ionizing
energy for three forms of Al O. (taken from the
work of Klaffky et al.) (12, i33.

dielectric gas such av SF,. These windows will
absorb energy from the beam, and will be
actively cooled to near room temperature by a
fluid pessed Dbetween two laminar plates.
The-mal stresses will be high, and since the
consequences of structural failure are severe
(e.g., contamination of the plasma chamber with
coolant), structural rneliability is a prime
requisite. With respect to enticipated radia-
tion environment, it is not clear at this time
whether windows can be located well away from
the first wall (perhaps behind shielding) or
whether weveguide cransmission problems will
dictate placement at or near the first wall,
CANDIDATFE MATE21ALS - Materials requirements
for this application include low losr tangent*
(to minimize abrorption of microwave energy),
high strength, and high thermal conductivity.
1f the windows are remote or heavily shielded,
ligitimz radiation dose may be no higher than

10°"n/m“.  In that case, only loss tangent 1is
likely to be of concern, Fowler (15) has
measured the effect of low neutron dong- on loan
tangent over the range 10 -10° Hz for

single-crynatal Alzo , & candidate material for
this application, AL increase by a factor of

*Absorptivity is a functior of both loss tangent
and dielectric constant, Lut the latter property
does not vary Rgrea'ly with material or
irradiation dose.

teszwas bserved at 2 x lOA Hz after a dose of
106 n/m“, while nc change was detected at 2 x
10° Hz. More data are needed to determine the
effect of irradiation at higher {requencies,
where energy abscrption is greater at a given
value of loss tangent (16).

At slightly higher noutron decses, degra-
dation of thermal conductivity begins to be
significant. BeO 4is a promising window
material because of 1its good thermal conduc-
tivity. Hcwever, this parameter is reduced Eg
a fecto! of two after irradiatiorn to 4 x 10
n/m° (17). The extent to which window stresses
in Be0 are increased by incireases 1nlﬂoss
tangent and thermal conductivity at 10 Hz
have been calculated by Fowler using finite
element analysis techniques, and are shown in
Table 1: clearly, a significant increase 1ir
either parameter could threaten window survi-
val.

The insulating ceramics spinel and
silicon nitride are also considered cand.date
materials for this application. MgAl, 0, |is
known to exhibit a propensity for recombin-
ation of its irradiation-inducrd defects, at
least at high temperatures (19), and might
therefore show less degradation than does
Al,0,. 51,8, s considered a candidate
becalse of ;cs excellent strength and thermal
shock resistance, properties of great impor-
tance for window applications, Silicon
carbide, also a strong, *thermal shock-resis-
tant ceramic, 1s a semiconductor; never-
theless, this material is under consideration
for low-frequency applications where heating
problems are less seypre. Fowler (20) has
calculated that at 10 Hz (an 1on cyclotron
resonant heating frequency) the maximum
tolerable loss taagent is V0.1, However,
measurements showed that loss tangent for a
chemically vapor-deposited (CVD) form of SiC
was significantly greater than that v.lue. It
is possible that other forms of this matcrial
would exhibit better performancce.

If it is necessary to locate RF windows
near the fifff walﬁ. neutron dosee will he
severe (~10 n/m°), and it 18 not clear
whether any ceramic can function satisfac-
torily under these conditions, at least at
high frequencies. Direct exporure to the
plasma will further worsen the situation,
since thermal loadinp from the plasma will
additionally reath the window. It 1is impera-
tive that demigners and materials remearchers
work together to optimize both window perfor-
mance and location.

CERAMICS FOR STRUCTURAL APPLICATIONS

REQUIREMENTS - Ceramics have been propos-
ed for applications such as first wall and
blanket components, armor, limiterm, and heat
sinka. These materials canr offer a number of
advantages over metals for structural umes:

o low nuclear activation, which can

reduce service and disposal problemn

© low coet of starting materials



Table 1 - Percent Increases in Maximum Tensile
Stress in a BeO Windcw Over the Start-
ing Value at 1011 Hz, as a Result of
the Iadicated Changes in Loss Targent
(18) and Thermal Conductivity (15).

Loss Tangent Thermal Conductivity, % Change
W/em K in stress
107" 3 -
—~4
10 1.5 +50
1073 3 +900

o low atomic number of constituents,
desirable for first-wall applications
to reduce plasma contaminatior effects

o high operating temperatures, useful for

first-wall and other applications
involving high thermal loads.
Properties of importance here are strength,
thermal conductivity, and dimensional
stability, all over a wide range of
temperatures.

CANDIDATE MATTRIALS - Silicon carbide has
been extensively studied for structural
applications in nuclear systems, and in the
high-purity, cubic B -phase CVD form has been
shown to exhibit good fﬁreng;h retention after
irradiation to 2 x 10 n/=m" at 1013 K (21).
Swelling below ~1300 K appears to reach a
temperature-dependent sgaturation value ranging
betweern 3 X (at 300 K) and zerc (at 1300 K)
(22,23), but above that temperature enters a
vold swelling regime (24) where high doses could
lead to extensive swelling. Thermal
conductivity 15 severely degraded by neutron
irradiation, even at relatively low doses (25),
40 that use in high thermel flux applications is

iikely to be somewhat compromised. Silicon
nitride has a non-cubic (trigonal) crystal
gtructure, suggesting that stresses from

differential sewelling could 1limit high-dcse
performance, Nevertheless, etrength 2én li{tlc
degraded aiter irradiation to 2 x 10 n/m° at
680 and 815 K {23), Tiis good behavior may be
attributable either to the low observed swelling
(*1%), or to low swelling anisotropy.
Radiation—-induced changes in thermal
diffusivity (approximately proportional o
thermal conductivity) for a number of ceramics,
including 541N, , are shown i{n Fig. 2. Certain
general observations can be drawh from these
resulta:
o lower irradiation temperaturen cause
areater degradation
o a nntuierionzolfcct is evident above
“1x 1077 n/m
0 ceramins can vary greatly in their
responas to damage.
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Fig. 2 - Reduction of room-temperature
thermal diffusivity in fives ceramics after
neutron irradiation at the indicated
temperatures (26).

Theee obhservations are consistent with a
wodel 1nvolving =scattering of phonons by
radiation-induced lattice defecrs (26). With
respect to Si NA' its performance in a high
thermal flux ®nvironment, like that of SiC,
will be reduced by degradation of thermal
conductivity.

Spinel (MgAl,Oa) is not Jntrinsically a
high strength, ﬁigh thermal conductivity
ceramic, and 1s therefore not a prime candi-
date material for structural applicatiors,
However, 1its gnod behavior under irradiation
is noteworthy, and could result in its use
where radiation conditions are particularly
severe, Volume and strength changes for
three forvy%of this ceramic after irradiation
to 2 x 10" n/m" at 680 and 815 K are snown
in Tchle 2, It may be seen that volume
changes arz minimal, and that strength of
this cubic material in actually increared by
neutron damage, The Jlow swelling iR ex-
plaived by the observation that the wvast
majority of displaced atoma recomhbine rather
thar form agpregates or remain isolated after
high-temperature irradiation (19,23),
Strength increarcr are attributable to the
puppression of crack nucleation or propaga-
tion by the dumage microstructure (23).*

#Crack propagation in irradiated Al,0. ir
simitary impeded, leading to incréanmed
fracture toughness (27).



Table 2 - Swelling and Strength Changes in Three Forms
of MgAl;0, after High-Dose Neatron lrradiation
at Elevated Temperatures (23).

Material Temperature, Volume . Strength
K Swelling, % Change, %
Single~Crystal 680 0.05 +92
Mgal,0,
815 =-0,11 +75
Pclycrystalline 680 =0.19 +38
MgAl,0,
815 -0.35 +34
Polycrystalline 680 =0.39 +39
HBAIZOA
815 =0.31 +22

* The negative sign denotes densification.

It has been suggested that in psome cases
properties of structurcl ceramics could be
improved by aemploying laminated materials
aystems. Howvever, thege are subject to
differential swelling, which c¢an lead to
delamination, cracking, and exposure of the
substrate. Delaetarious cor.sequences of
differential swelling have been demonstrated in
a8 study f{ a Sif-graphite laminate irradiated to
2 x 10 n/m“ at 680 K, wvhere the former
material swelled 1.5 I and the latter densified
“7%: the result was almust~-complete separation
(23). It appears that monolithic materials will
be required for most high~-dose applications.

OPTIMIZATION OF CANDIDATE CERAMICS

There arv two broad approaches to the
sptimization of ceramic componeuts for fusion

applications:
o wmodifications in chemiatry and
aicrostructure

o applicatiin of brittle material d.-aign

and testing tcchniques.

The aextent to which these approaches are
appropriante dependa on the specific application,
but hoth should be conaidered as part of any
aateriale development effort.

CHEMICAL AND MICROSTRUCTURAL MODIFICATIONS-
In most cases this approach to optimization will
be invoked to enhance material performance and
lifetime in s radiation environment. Chamical
modifications might include exclusion of
elewments (or 1imotopes) iikely to transmute to
form gaseocus species. As as sxample, it can be
noted from the data presented in Table 2 that
polycrystalline MgAl,0, did not exhibit the same
increase in strengtli ‘upon A4irradistion as did

single-crystal material: The reason may be
that both polycrystalline torms contained Li,
which transmutes to form He (23). It may be
poerible to increase the extent of strength
enhancement 1in polycrystalline MgAlZO“ by
control of thim impurity. Other areas wvhere
chemical mwodifications could be helpful
include introduction of electronic trappirg
or recombination centers to improve elec-
trical properties (Fig. 1), and remcval of
impuritier to enhance transmissivity of RF
windov materials.

Microstructural alterations cffer
potaential tenefits such as reducing swelling
cr its deleterious consi(quences, retaining or
enhancing strength, and winimizing degrada-
tion of thermal conductivity, Fine disper-
sants could be added to serve as recom-
bination centers for ~&tructural defecis,
resulting in reduced swelling and improved
retent.:~n of 1-itial thermal -onductivity.
Small grain sire, which can be uttained by a
number of fabrication techniques, would allow

non-cubic ceraaics such as Al,0. to retain
usable strength to higher ffugncca (28).
Composite strengthening, a technique increas-
ingly used for anplications not involving
radiation, offers benefitr for .us.ion appli-
cations if the microstructure im sufficiently
fine to avoid problems with differential
svelling.

One area vhere chemical and micrustruc-
tural modifications offe’ great potential for
in. -roved performonce is alimination of damage
sensitive pgrain boundary phases. iy
ceranizs, including those specified for high
strass, high temperature app) {cations,
contain additives ¢~ «rhance denrification



Fig. 2.

Bright-field transmission electron
microscope image of damaged grain boundaEE
phaie in S1_N,  after irradiation to 2 x 10

n/m* ac 1100°k%(32) (bar = 0.4 pm).

during fatrication. As a result impurity phases
may appear at grain boundaries, and these often
exhibit poor radiation resistance. Figure 3
shows duch 8 phase, partly glassy, that has
obviously suffered significantly more damage
than has the Si N“ matrix. Grain boundary
damage, rather tha% anigotropic swelling, wuay be
responsible for the slight strength loss ob-
served {n this ceramic {(23). 1t is appareut
that in many cases new or improved ‘abrication
techniques Bshould be employed to produce wmat-
erials optimized for fusion applications.

BRITTLE MATERIAL DESIGN AND TESTING TECH-
NIQUES - The major drawback to the use of
ceramics for structural applications is their
characteristic brittleness. Traditional design
approaches involve loading ceramics in compres-
sion, but this is often not possible. In order
to obtain maximum service straength and relia-
bility from ceramics, an accurate dats base must
be established for the 1intended operating
conditions and these results incorporated into
brittle material design analysen.

The realization that ceramics fail as a
rasult of propagation of flaws whose sizes have
o statistical distribution and whose propagatior
characteriutica are environment-dependent, han
led to techniquer for establishing mechanical
reliability of cowponents. Tuis approach has
bean used (29) to predict the behavior of
microwave wvindows in the abmence of {rradia-

tion. Materials tests include:

o strength measurements, Includirg
effect of surface finish, test
environment, and rate of stress
application

o static fatigue (time-to-failure at
constant load) tests,

followed by construction of a futigue re-
liability/probability of failure diagram.

Proof testing can effectively by used to

eliminate sub-standard components and thereby
enhance reliabiliry. Price and Hopkins (21)
combined proof testing and neutron irradia-
tion testing of SiC ro show that the benefits
of proof testing are retained after high
neutron exposures for CVD and sintered SiC,
but not for reaction-bonded material. These
results were interpreted in terms of the
effect of dirradiation on flaw size and
distribution. Materials tests such as these
must be combined with finite element desigr
analyses and sophisticated design methodo-
logies (30) to develop an optimized product.

RECOMMENDATIONS FOR FUTURE WORK

This review has directly or indirectly
identified & number of areas where further
work is needed. Many of these can be assem-
bled into component-specific categories,
whereas others are more general 1n nature.

MAGRETIC COIL INSULATORS - The most
urgent needs here are for more resulté on
radiation-induced conductivity, and on the
effect of near-room-temperature, high-desc
neutron irradiation on structural properties.

WINDOWS FOR RF HEATING SYSTEMS - Data
are egpeciplly needed on radiation-induced
loss tangent degradation, eepecially at high
frequences. Altnough preliminary calcula-
tions (15) suggest that measurements concur-
rent with radiatinn may not be needed, this
question neeus further attention.

CERAMICS FOR STRUCTURAL APPLICATIONS -
Tue p-erenr data basse on temperature and
fluence-dependence of changes in density,
strength, ad thermal conductivity is incom-
plete, and an extenaive radiaticn testing
program is needed to fill the gaps. Strength
tests to date huve for the most part been
conducted rapidly, wunder asimple stress
ronditions; mors rvealistic tests &Bhould bhe
incorporated into the program.

GENERAL NEEDS - Until intense mources of
fusion neutrons become available, it will be
necesaary to make use of fipsion reactors for
high-dose irradiation testa. Correlation of
damage events cAn be established by appro-
priate celculations, and by comparison of
low-dose damage effec*s such as nwelling
utilizing present-day 14 MeV neutron sources.
The effect of transmutation gases can be
simulated by incorporating into test mate-
rials selected isctopes transmutable by
thermal neutrors, and irradiating 1in
mixed-spectrum fission resctor. In this way
both displacement avents and gases of inteicst



Table 3 - Displacements per Atom (dpa) and He and H
Concentrations Attainable in Si A1101N
ng and lrrad;ation to

by 170 and 14N Do
5 x 1023 fast n/m
n/m2 {One Year in ORR).

plus B x 1023

thermal

Isotopic Percent

Damage Llevel,

Gas Content,

Dopant dpa appm
99,5 178 6 -

o 1

7.1 Y, 6 400 H
o

99.5 1ox 6 270 He
so o

7.1 Y4 6 400 H,
so Yo 270 He

can be simulared. A plan has been proposed for
Tgch a 15pdy. utilizing controllecd amounts of

N and 'O additives to Si_.Al 03N5 (31). The
iyernnl neugyon renctigns tg b%éexploited are

0(n, o) C and N(n,p) C. Table 3
deacribes the four damage states that can be
attained, using the Oak Ridge Reactor. The

dpa/gas ratios attained are roughly those
expected at the first wall of a fusion
reactor.

Finally, as was described in the previous
section, materials optimization by control of
chemical and microstructural makeup, as well as
utilization of brittle materiale design and
ctaating techniques, should be an integral part
of any effort to develop advanced ceramics for
fusion applications.
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